Accuracy of CBCT measurements has been the subject of many studies. We tried to gather information for the different methods and materials used in these studies and the results. We were particularly interested in researches examining the effect on different factors on the accuracy of measurements. The analysis of data found in literature established that there is no unanimous opinion regarding the combined impact of factors on the accuracy of linear and volumetric measurements using CBCT.
Introduction
Accuracy of CBCT linear measurements was the subject of many studies and the results are quite debatable. Some authors report mean difference between the radiographic and direct measurements to be very small and insignificant, others state that different factors may affect this accuracy and report differences bigger than 1mm. CBCT took serious part of imaging in maxillo-facial region and this explains not only the increasing number of studies, evaluating this imaging modality, but also the variety of study designs. In the beginning researches were performed mainly using dry bones and jaws, later cadaver heads were included (human and animal) or simulation of soft tissues were used. 
Results
Pinsky et al. (1) investigated the accuracy of CBCT measurements using acrylic blocks and human mandibles, in which they created defects with sizes approximating those observed in periodontal diseases or periapical inflammation. The study was carried out in two phases. In the first phase, the authors used acrylic blocks with machined defects of predetermined width and depth. The defects' depth varied from 4 to 10mm. In the second phase, in order to establish the gold standard, they used the cadaver lower jaws in which they created simulated lesions with two diameters (2mm and 4mm) and different depths -from 2 to 4.5mm, with an interval of 0.5mm. Direct measurements of the defects were carried out using two methods: first linear measurement, and then software-assisted mathematical calculation of the simulated lesions' volume. According to the authors, the method shows high accuracy, which would be affected by the presence of soft tissue and potential movement of the patient during scanning. They recommend a more in-depth analysis of multi-chamber lesions in the jaws, as well as the development of clinical protocols for studying CBCT accuracy. Ahlowalia et al. (2) compared the accuracy of measurements of large jaw defects using CBCT with a limited FOV with those made with MSCT in simulated bone defects created ex vivo in bovine bones, then comparing them with the results from physical measurement of the volumes of the same lesions.
The samples were cut into 20 segments, after which a defect was created in each segment affecting the bone's compactness and spongiosis. According to the authors, this approach creates samples that approximate findings in apical periodontitis, where both compact and cancellous bone can be affected. Defect sizes were selected to correspond to the size and shape of such in apical periodontitis (between 2 and 13mm). Anatomical samples were initially scanned with 40mm FOV since, according to the authors, this is the most suitable volume for examining 1 tooth, with 360-degree rotation for 17.5sec. They recommend further studies with a smaller rotation (180 degrees) and shorter duration, with view of decreasing the radiation dose. Two silicone impressions were made of each sample. In terms of physical volumetric measurements, the authors selected two methods. The first method is based on measuring the weight of the silicone imprint and calculating its volume using the information on the material's density provided by the manufacturer. The second method is employing Archimedes' principle according to which any object displaces a volume of water equal to its own volume. The volume of silicone impressions was measured by calculating the difference between the weight of the dry sample and the same placed in water. In the conclusion, the authors state that CBCT is a method entirely equivalent to MSCT for volumetric measurement of simulated bone lesions, as well as for the assessment of the healing process.
Michal Halperin-Sternfeld et al.(3) studied ex vivo accuracy of linear measurements using CBCT by comparing the distances in direct osteometry between defects (reference points) created in advance in porcine mandibles with those obtained on CBCT images. The reference points were spherical cavities created in 6 pre-selected planes, two frontal (to the front of the canines) and four distal (behind the canines), in the lingual and vestibular bone compactness, as well as along the occlusal surface of the tooth in the respective plane. All created defects were filled with radiopaque gutta-percha. After stabilization on polystyrene blocks, the samples were scanned with a CBCT apparatus. Four physical and radiographic measurements were taken for each plane; thickness of the compactness in the immediate vicinity of the reference point contrasted with gutta-percha, vestibular and lingual, the distance between these two points, as well as the distance between the occlusal reference point and the upper border of the mandibular canal. In their results, the authors report that in many cases radiographic measurements are smaller than the physical ones (76%) -"underestimation" of the radiographic measurement, but report as significant the remaining percent (34%) where measurements on radiographic images are larger than the physical values ("overestimation"), sometimes by 1.09mm. According to them, these results show an inaccuracy which might be of important clinical significance in potential surgical interventions in the jaws and the overestimation in a radiographic measurement might serve for determining a "safety threshold" in surgical interventions in the maxillofacial area. They put forward two approaches for establishing such a threshold. The first one uses the mean value of overestimation in CBCT measurements, in their case equal to 1.09mm, since only the overestimation in measurements might lead to damage of important anatomical structures (e.g., mandibular canal). The other approach uses the higher registered value of overestimation in measurements, which in their study is 1.42mm. The authors recommend the level of the safety threshold to be calculated separately for horizontal and vertical measurements and on the basis of this approach they recommend a "safety zone" of 1.39mm and 1.42mm, respectively.
Mol and Balasundaram et al. (4) compare in vitro accuracy of CBCT images with those of conventional intraoral techniques (retro-alveolar and bite-wing) of human skulls. They place small metal spheres on each of the crown surfaces of available teeth and measure the distance between the enamel-cement order and the top of the interdental septa, relative to these spheres. Results showed better performance of CBCT compared to conventional intraoral techniques, which applied more to the distal jaw sections studied by the authors. The diagnostic accuracy of measurements for the anterior sections was found to be much lower for both methods. The authors attribute this discrepancy to the thinner vestibular and lingual plates in the anterior jaw sections. The inclusion of measurements of lingual and buccal sections of the alveolar bone established CBCT as a method with better diagnostic accuracy compared to intraoral retro-alveolar radiograph due to the fact that 2D imaging of these sections is more difficult. The authors claim that despite this definite advantage of 3D images, the deviation in measurements in both groups exceeds 1mm and might be clinically significant. According to them, such a deviation might be due to subjectivity in the interpretation of radiographic images, resulting from the used voxel size, volumetric and contrast resolution and the signal-to-noise ratio, or a combination of all of the above.
Timock et al. (5) aim in their study to investigate the accuracy and reliability of alveolar bone height and thickness measurements derived from CBCT images of cadaver human heads, comparing them to direct measurements on the jaws made by dissection. According to the authors, the differences in the measurements derived from CBCT images and direct measurements were close to zero, but when the measurements were divided in two groups -for height and thickness -they had more precise values -0.30 mm and 0.13 mm, respectively. Sun et al. (6) investigated how voxel size and bone thickness can influence the accuracy of measurements using CBCT. In their study, they used pig heads, where they created lesions in the jaws projecting under the medial and distal molar tubercles at a distance of at least 4mm from the tip of the alveolar ridge. They scanned the samples with two different voxel sizes, 0.2mm and 0.4mm. In the second phase of their study, after reducing bone compactness by 1.5 mm and 0.5 mm, respectively, the authors aimed in the first case to achieve a bone size smaller than or approximating the voxel size, and in the second -bigger than the voxel size. Scanning was performed with the voxel sizes defined in the first stage. After each scan, they carried out direct measurements of the lesions and linear measurements on the radiographic images. The authors report that the measurements at the pre-reduction phase exhibited overestimation of CBCT measurements, more marked in scanning with voxel size of 0.4mm. In the post-reduction phase they observe underestimation in CBCT measurements compared to direct measurements, again more marked in scanning with voxel size of 0.4mm. According to them, although the measurements performed I S S U E 3 , 2 0 1 8 with voxel size of 0.2mm were closer to measurements with a digital caliper, this was in no way significantly different than those in scanning with voxel size of 0.4mm.
According to Ryan Wood et al. (7), there is a complex interrelation between the factors affecting the accuracy of measurements using CBCT. According to them, the inaccuracies in bone measurements depend on the voxel size with which scanning is carried out, the presence or absence of soft tissue, the type of software and the localization of the jaw lesions. They claim that from these factors, the only thing that is known is that the voxel size leads to a higher or lower resolution depending on whether the size is increased or decreased, but the interaction between these multiple factors has not been studied yet. In their study, they selected 6 porcine heads of pigs between 3 and 6 months of age. They created grooves in the occlusal surfaces of the molars, as well as round holes in the vestibular, through the gingiva. The holes were 4 in the maxilla and 3 in the mandible. The first scan of the heads used voxel sizes of 0.2mm and 0.4mm, in the presence of soft tissue. In the second phase, they removed the outer soft tissue, cheeks and vestibular gingiva, and kept only the inner ones, tongue and lingual gingiva, and again scanned the heads using the same voxel sizes.
For the physical measurement of the alveolar bone and the two jaws' height and thickness, the authors separated it using a circular saw and additionally cut the samples into more segments, through the middle of the round vestibular holes, the direction of cutting being perpendicular to the occlusal groove created in the teeth. Thus they obtained two mirror surfaces of each hole. Measurements were taken with a digital caliper. Height measurements were taken from the occlusal border of each half of the round hole to the tip of the alveolar ridge, after which the mean value of the measurements in the two mirror halves was calculated. The authors measured the alveolar bone thickness at two pre-selected levels: 0.5mm and 1.00 mm from the tip of the alveolar ridge, perpendicular to the axis of the tooth root, located in the zone of interest, measuring the distance between the vestibular bone surface and lamina corticalis of the respective root.
The authors found a discrepancy between direct measurements in the upper jaw, sometimes reaching 2 mm and more, and believe that the reason for that lies in the smaller thickness and density of the bone. They claim, contrary to Timock et al., that measurements on images obtained with a voxel size of 0.2mm are more accurate only in the presence of all soft tissue (vestibular and lingual). Reducing the voxel size to 0.2mm and, respectively, the higher radiation dose is rendered pointless if the soft tissue is removed. They also state that the discrepancy between measurements of the height of the upper jaw alveolar bone on CBCT-derived images with a voxel size of 0.4mm and the physical measurements sometimes reaches 2 mm. In the mandible, they report a deviation not exceeding 1mm.
Conclusion
Many authors have examined the accuracy of CBCT linear and volumetric measurement the last decade (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . The review of literature leads us to the conclusion that the use of CBCT is extremely widespread. Pauwels et al. (21) believe that it is necessary to optimize the radiation dose for the patient, i.e. selection of the most suitable scanning protocol which provides acceptable accuracy for the specific indications.
